There is a deficit of ways to detect higher order silane isomers during silane pyrolysis. Thus, a novel instrument utilizing gas chromatography-mass spectrometry (GC-MS) for detection of higher order silanes has been developed. The instrument enables us to separate higher order silane species using gas chromatography before they are introduced to the mass spectrometer, thereby obtaining spectra of separate isomers, rather than overlaid spectra. In this contribution we describe the details of the GC-MS system. We compare our GC-separated mass spectra of mono-, di-and trisilane to mass spectra of these species available in the literature. Further, we present mass spectra of the tetrasilane isomers n-tetrasilane (n-Si 4 H 10 ), silyltrisilane (i-Si 4 H 10 ) and cyclotetrasilane (cyclo-Si 4 H 8 ) and of the pentasilane isomers n-pentasilane (n-Si 5 H 12 ), silyltetrasilane (i-Si 5 H 12 ) disilyltrisilane (neo-Si 5 H 12 ) and cyclopentasilane (cyclo-Si 5 H 10 ). Six of these mass spectra are previously unpublished. Based on the fragmentation pattern in the tetra-and pentasilane mass spectra, we are able to acquire mass spectra of silanes with up to eight silicon atoms. Finally, we apply the novel detection technique to a silane pyrolysis reactor to track the outlet concentration of higher order silanes as function of reactor temperature. We believe that the detection technique that we present here may open the door for validation of monosilane pyrolysis models, and thus constitute a roadmap for future research in this field.
1. Introduction
Pyrolysis of SiH 4 in solar silicon industry
Its market share of above 90% [1] makes crystalline silicon the dominating material in the photovoltaic industry. Silicon further plays an important role in the semiconductor industry and in the battery industry because of its promising characteristics as anode material in Li-ion batteries [2] . More than 80% of the polysilicon consumed by the solar industry is produced by thermal decomposition of trichlorosilane (SiHCl 3 ) [1] . This process, normally carried out in a Siemens reactor, constitutes an expensive and energy demanding step in the production of polysilicon. A recent study [3] indicates that reducing the energy consumption for solar grade silicon production by 15-17 kWh/kg-Si gives -in a CO 2 emission perspective -the same result as a 1% increase in the baseline efficiency for mono-and multicrystalline Si PV modules. Developing procedures to produce solar cells at lower energy consumption is therefore essential for reducing their energy payback time [3] . One way of reducing the overall energy consumption during solar cell production is by replacing the Siemens process (pyrolysis of trichlorosilane) by pyrolysis of gaseous monosilane [3] .
Pyrolysis of gaseous monosilane (R1) converts it to solid silicon and gaseous hydrogen through the following overall reaction:
The reaction can be carried out, for example, in a fluidized bed reactor (FBR), as is already done on industrial scale [4] , or in centrifugal chemical vapor deposition (C-CVD) reactor currently being developed for industrial scale [5] . Despite their proven capability of producing polysilicon with significantly lower energy demand than the Siemens reactor [3, 6, 7] , these monosilane based reactor technologies encounter limitations related to dust formation during the monosilane pyrolysis process [6] [7] [8] . Dust (fines) is formed when reactant gas molecules decompose homogeneously (in the gas phase), rather than heterogeneously (on a surface) [9, 10] . Fines formation constitutes a competing chemical pathway to the desired solid silicon production and therefore causes a reduced chemical yield [8, 11] . Moreover, fines formation leads to challenges with reactor clogging [12] and reduced material quality [11] . Overcoming these challenges requires understanding of the chemical complexity hidden underneath the overall chemical reaction (R1).
A variety of studies, experimental [see e.g. [13] [14] [15] [16] [17] [18] [19] [20] and by modelling [see e.g. 13, 16, [20] [21] [22] [23] [24] [25] [26] [27] , have been conducted to broaden the understanding of the monosilane pyrolysis. It is commonly accepted that the pyrolysis occurs through a series of chemical reactions, including SiASi bond formation and hydrogen elimination, producing silanes with increasing number of Si atoms [13, 20, 22, 23, 28, 29] . Additionally, 1,2-hydrogen shifts, ring opening and ring closing lead to interconversion between different isomers within each silane family [22, 23, 30, 31] . Many of the kinetic models of the monosilane pyrolysis process have an impressive degree of detail, some of which include hundreds of species with up to 10 Si atoms and more than one thousand chemical reactions [16, [21] [22] [23] 27] . The experimental works in the field, on the other hand, have a much lower degree of detail. These works are typically limited to measurements of silanes with no more than three or four silicon atoms and have a lack of differentiation between isomers [13, 14, 20, 32] . Some experimental works include measurements of particle properties, like size distribution [13, 15, 16, 33] and hydrogen content [13, 15] . Because of the complex nature of the monosilane pyrolysis process, it is challenging to use these measures for verification of kinetic silane pyrolysis models. There are, in other words, few available methods for validating silane pyrolysis models. Therefore, despite the numerous works treating monosilane pyrolysis, a detailed understanding of the chemical complexity behind reaction (R1) remains elusive. This lack of understanding inhibits development of new technologies required to overcome the aforementioned challenges related to dust formation during monosilane pyrolysis. We seek to overcome these challenges by connecting chemical models and measurements of monosilane transformation. The measurement technique that we present in this contribution will help close the gap between model end experiment by allowing measurements of separate higher order silane isomers in monosilane pyrolysis exhaust and thus validation of detailed models of monosilane pyrolysis.
Detection and characterization of higher order silanes
Because of the relevance of production, detection and characterization of higher order silanes to solar silicon industry and other chemical industries, many works have addressed these topics. The electron ionization (EI) mass spectra of the two lowest silanes, monosilane [34, 35] and disilane [36, 37] were published already before 1970. Further, a method for producing higher order silanes [38] as well as for separating them by gas chromatography (GC) [39] have been demonstrated. In 1973 Féher et al. [40] briefly described the 70 eV EI mass spectra of some higher order silane isomers from trisilane to heptasilane, pointing out loss of SiH 4 as the main fragmentation mechanism. They did, however, not publish any species-or isomer-specific information. The same year, Höfler and Jannach [41] described the mass spectrum of disilyltrisilane (neo-Si 5 H 12 ). They reported a weak signal for the molecular ion at m/z 152 and mentioned SiH 4 -loss and successive H-loss as important fragmentation mechanisms. The successive H-loss leads to weak signals at all masses in intervals ranging from fully saturated silane molecules to naked Si chains [41] . In 1975, Hengge and Bauer published the mass spectrum of cyclopentasilane (cycloSi 5 H 10 ) [42] , showing a much higher abundance of the molecular ion (m/z 150) than in the case of disilyltrisilane (neo-Si 5 H 12 ). Weaker signals at m/z 151-155 were attributed to the heavier Si isotopes (   29   Si and   30 Si) and to deuterium. The further fragmentation mechanisms, with successive loss of SiH 4 and H, were similar to the one already described for disilyltrisilane (neo-Si 5 H 12 ) [41] . Four years later, the cyclohexasilane mass spectrum was published [43] , with a very similar fragmentation mechanism as was described for the five-membered ring. To the best of our knowledge, mass spectra of higher order silane isomers other than those mentioned here are so far unpublished. The knowledge of mass spectra of higher order silane is, in other words, sparse, partly due to inconsistent results [36, 37, 44] and partly due to the limited number of studies which have been published.
Bogaert et al. [45] applied in 1986 gas chromatography (GC) for detection of silanes with up to six silicon atoms in low-pressure mono-and disilane pyrolysis reactor effluent. These authors quantified the GC elutes with a thermal conductivity detector (TCD) by assuming TCD-response factors of the silanes relative to monosilane to be identical to those of alkanes relative to methane. Similar measurement techniques were used by Slootman and Parent [14] and by Odden et al. [20] also using GC combined with a TCD for measuring concentrations of H 2 , SiH 4 , Si 2 H 6 and Si 3 H 8 during thermal pyrolysis of SiH 4 diluted in hydrogen. Further, quadrupole mass spectrometry has been applied to detect higher order silanes (with up to five silicon atoms) in the products of plasma-enhanced deposition of amorphous silicon from monosilane [46] [47] [48] [49] , in products of thermal decomposition of monosilane diluted in argon [13, 32, 50] , and in products of pyrolysis of disilane [44] . Vacuum ultraviolet (VUV) photoionization combined with time of flight (TOF) MS have been applied for measuring gas-phase products of pyrolysis of SiH 4 and Si 2 H 6 [51] [52] [53] [54] , and it has proven capable of detecting higher order silanes with up to ten silicon atoms [52, 53] . Tarzcay et al. [55] applied the same technique for detecting higher order silanes during melting of low temperature (5.5-300 K) SiH 4 ices. For this application, the authors were able to detect silanes with up to 19 silicon atoms [55] .
The above described applications of mass spectrometry for measuring pyrolysis products do not include separation of different silane families and isomers prior to mass spectral characterization. Consequently, the acquired mass spectral data is a superposition of the mass spectra of numerous chemical species, hindering precise identification of the species. Researches applying gas chromatography, on the other hand, were able to separate species and isomers but lacked an exact method for identification. In the present contribution we show how gas chromatography and mass spectrometry can be combined as a powerful tool to separate and identify higher order silanes, allowing us to show resolved mass spectra of separate silane isomers. We describe the working principle of our GC-MS setup in detail. Further, we summarize previous findings regarding boiling points of higher order silane isomers and combine this information with mass spectral measurements to establish the spectra of seven separate tetraand pentasilane isomers. Last, we demonstrate the application of our GC-MS measurement technique for tracking concentrations of separate higher order silane isomers as a function of the conditions in a silane pyrolysis reactor.
Experimental setup
Our GC-MS system consists of three main parts: a gas handling and loading system, a gas chromatograph (Agilent 7890B GC) and a mass spectrometer (Agilent 5977A MSD, subtype G7038). These three parts are described in the following subsections.
Gas handling and loading system
The gas handling system, which transfers the gas samples from the reactor to the GC-MS, is designed to accomplish two main tasks. First, the chemical composition of the gas must be kept constant all the way from the reactor to the GC-MS. Heated transfer lines are required in order to prevent silanes from depositing at the inner surface of the lines, because such deposition would alter the composition of the reactor effluent. On the other hand, heating the lines too much might result in chemical reactions taking place in the transfer line. A sampling line temperature of 60°C is chosen as a compromise between these two conflicting criteria. Second, for repeatable measurements, the injection pressure to the GC-MS must stay constant, regardless of the reactor pressure. Constant sampling pressure is ensured by an argon piston, consisting of a coiled tube and four pneumatic valves, coupled in series with the GC columns [56] . The argon piston is kept at the same temperature as the sampling line. Fig. 1 explains how the argon piston is used both for drawing sample gas from the reactor (Fig. 1a) and for injecting it into the GC columns (Fig. 1b) [56] .
Gas chromatographic system
The purpose of the gas chromatographic (GC) system is to separate the different chemical species in a sample before they reach the mass spectrometer or other detectors. This separation allows us to study the mass spectrum of one species at a time with little interference from other species. Fig. 2 shows how separation of the analyte gas is achieved by an Agilent 7890B GC system, including four different GC columns. The figure is somewhat simplified. A more detailed version is given in the supplementary material [57] . The GC separation columns are contained in an oven where the temperature can be set, thereby controlling the elution times of the different species. The system includes three detectors: a thermal conductivity detector [57], TCD perm , for measuring the so-called permanent gasses; a second thermal conductivity detector, TCD silane , which we use to measure SiH 4 and Si 2 H 6 ; and a quadrupole mass selective detector (MSD) which we use to measure Si 3 H 8 and larger silanes. By changing the GC-MS measurement procedure, the allocation of gases to be detected by the various detectors can be changed as desired. Using TCDs for the detection of mono-and disilane protects the MSD from the high concentrations of these species in our experiments. The TCD is a simpler and more robust detector than the mass spectrometer and can more easily be replaced when degraded by unwanted silane depositions within the detector system itself.
The main analytes of interest measured by TCD perm are H 2 , N 2 , and Ar. The concentration of H 2 is of interest because it is a product in the overall silicon conversion (R1). Nitrogen is used as purge gas in the GC, and measuring it gives an indication of inter-sample contamination. Argon is used in the Ar piston sampling system (see Section 2.1) and measuring Ar is therefore necessary to check for un-wanted mixing of the forcing gas with the sample.
Samples are injected into the GC from a 500 ll sampling loop (Purged High Performance Mini-Diaphragm Valve, 10 ports of 0.030 00 , Dursan coated, Valve V1 in Fig. 2 ) with He carrier gas. When leaving the sampling loop, the gas is injected into a GS-CarbonPLOT column (Porous Layer Outer Tubular column, part number 115-3113) from Agilent. After the permanent gasses elute from the CarbonPLOT column, we backflush the silanes that remain in the CarbonPLOT. The permanent gasses are further separated in a HP-Molsieve column (Agilent, part number 19095P-MS0).
The two analytes of interest measured by TCD silane are SiH 4 and Si 2 H 6 . A second 500 µl sampling loop (Purged High Performance Mini-Diaphragm Valve, 6 ports, valve V2 in Fig. 2 ) injects onto a split/splitless valve (SSL). This valve further injects onto a Select Silanes column (Agilent, part number CP7435), which separates the silanes. A Deans switch (Diaphragm Valve with Outboard purge, 3 Ports) at the end of the Select Silanes column diverts SiH 4 and Si 2 H 6 , which elute from Select Silanes together under our normal conditions, to a HP-PLOT/Q+PT column (Agilent part number 19091P-QO4PT). After the HP-PLOT/Q+PT column, the two species are well separated and detected by TCD silane . Higher order silanes are sent through a restrictor before they are detected in the MSD.
Quadrupole mass spectral detector
The mass selective detector (MSD, type Agilent 5977A, subtype G7038) is a standard quadrupole mass analyzer, with adjustable electron ionization voltage. Under normal operation it is set up for electron ionization (EI) at 70 eV ionization energy. The MSD has unit mass resolution and a maximum possible mass range extending from m/z 1.2 to m/z 700. We set the upper limit of the mass range to m/z 240 for the current work. This upper mass limit allows for detection of silanes with up to nine silicon atoms. Choosing a higher value for maximum m/z will allow for detection of even higher order silanes. However, the possibility of detecting heavier compounds will come at the cost of reduced sensitivity across the entire mass range, as the sensitivity is limited by the dwell time at each m/z.
Calibration of GC-MS signals
We use three calibration standards from Matheson with known concentrations of monosilane (SiH 4 ), disilane (Si 2 H 6 ), and trisilane (Si 3 H 8 ) (see supplementary material [57]) for calibration of these three species. Helium is used as dilution gas. Silanes with more than three silicon atoms n Si do appear in our measurements of the calibration standards, but the concentrations of these species in the standards are not known. Therefore, as of now we have no direct means of quantifying the signals for species with n Si 4, since the detectors' sensitivity can differ from one species to another. Attempts to compare concentrations of various species with n Si 4 within one measurement by comparing signal intensity is therefore beyond the scope of the current work. However, one may compare the concentration of one species across various measurements by comparing the signal intensity for that species in the various measurements. Fig. 1 . Argon piston for constant sampling pressure. (a) Gas is drawn from the reactor into a reservoir coil by a Venturi pump. (b) Gas is pushed from reservoir coil to gas chromatograph by pressurized argon.
Silane pyrolysis reactor
The GC-MS setup can be connected to any silane pyrolysis reactor to automatically sample the reactor exhaust. In the experiments that we describe here, a horizontal free-space reactor (FSR) with multiple heating zones was used to produce the higher silanes. Briefly stated, mixtures of H 2 and SiH 4 flow through a heated stainless steel tube with a 50 mm inner diameter in which the pyrolysis takes place. Typical total flow rates are about 4 slm (standard liter per minute), resulting in residence times about 1-5 s, depending on the number of active heating zones. Further details about the reactor can be found in our previous work [17] .
Results & discussion

Boiling points of higher order silanes
We expect that the elution time of a silane from the GC column Select Silanes (Section 2.2) correlates with its boiling point to some degree. Among light hydrocarbon isomers with the same molecular structures as the silane isomers we are analyzing, the order of the GC retention indices [58, 59] , correspond very well to the boiling point order [60] . Therefore, when attempting to identify silanes based on their gas chromatographic elution times, knowledge on their boiling points is an important prerequisite. For silane isomers -as opposed to hydrocarbon isomers -boiling points have not been thoroughly addressed in the literature and are not frequently tabulated. In Fig. 3 we have collated available boiling points at 1 atm of various higher order silane isomers and plotted them as function of number of silicon atoms in the species. The numbers are also tabulated in the supplementary material [57] . We believe that this collection of data from literature is an indispensable tool for interpreting GC-MS data. Fig. 3 includes two boiling point values for cyclopentasilane (cyclo-Si 5 H 10 ), 173.3°C reported by Günter [61] and 195°C reported by Hengge and Bauer [42] . Neither of these values is frequently cited in the literature. Both boiling point values were determined with similar methods: vapor pressures at various temperatures were determined experimentally and the boiling points were determined by extrapolation of the vapor pressure curves. Günter [61] based his extrapolation on experimental values only in the range 50-83°C and assumed the logarithm of the vapor pressure to be a linear function of 1/T in the temperature range extending up to the boiling point, about 100°C above his experimental values. Hengge and Bauer [42] , on the other hand, obtained experimental values in the range 51-157°C. These authors report that the experimental values for the vapor pressure at high temperatures deviate slightly from a simple linear function of 1/T. Therefore, they use a more complex equation, previously applied by other authors for mono-, di and trisilane [62, 63] , to fit their experimental data. They report a very good agreement between the fitted equation and their experimentally obtained values [42] . Because the vapor pressures reported by Hengge and Bauer are measured far closer to the actual boiling point than those used by Günter, we assume the extrapolation by Hengge and Bauer [42] to be more trustworthy. Moreover, our observed elution time for cyclopentasilane (see Fig. 7 and Section 3.4) also supports the boiling temperature reported by Hengge and Bauer [42] . The boiling point reported by Günter [61] is therefore put in brackets in Fig. 3 . Further, two slightly different values are assigned to neo-Si 5 H 12 in the literature [41, 64] . Because there seems to be no consensus on which of the two is correct, and we find no reason to trust one more than the other: they are both included in Fig. 3 .
The boiling point of cyclopentasilane, as published by Hengge and Bauer [42] , is higher than the boiling points of both iso-hexasilane and n-hexasilane, meaning that we expect cyclopentasilane to elute after these two hexasilanes. Similarly, cyclohexasilane has a higher boiling point than n-heptasilane, meaning that we expect it to elute after this species. It is well known from carbon chemistry that cyclic hydrocarbons have higher boiling points [60] and higher GC retention indices [58] than non-cyclic isomers with the same number of carbon atoms.
Mass spectra of silane oligomers: Mono-, di-and trisilane
We measure only one stable isomer in each of the three lowest order silane families: mono-, di-, and trisilane. Therefore, the mass spectra corresponding to these three species are easy to identify. Fig. 4 shows the 70 eV EI mass spectra of these three species as measured by our setup as well as 70 eV EI mass spectra of the same species from the literature. For more detail on how our spectra and their uncertainties are calculated, see supplementary material [57] . The literature spectra for monosilane and trisilane are taken from the NIST WebBook [66] , whereas that of disilane -which is unavailable in that database -is taken from the newest available publication including that spectrum [44] .
Monosilane
Monosilane (Fig. 4a) has a nominal mass of 32 Da. The mass spectrum has its base peak (highest peak) at m/z 30, indicating a loss of two hydrogen atoms from the parent molecule. The peaks at m/z 28, m/z 29 and especially m/z 31 are also relatively strong, indicating that losses of four, three and one hydrogen atom(s) also Fehér and Freund (1973) [64] , Hengge and Bauer (1975) [42] , Günter (1976) [61] and Hengge and Kovar (1979) [43] . The boiling point of cyclopentasilane (cyclo-Si 5 H 10 ) reported by Günter [61] is put in brackets because we find it less trustworthy than the boiling point reported by Hengge and Bauer [42] (see text).
occur. The signal corresponding to the molecular ion (m/z 32) is rather weak. The even weaker signal at m/z 33 and m/z 34 (not visible) are isotope peaks caused by the natural abundances of 29 Si, 30 Si and 2 H. There is good agreement between our measured mass spectrum and the mass spectrum from the literature [66] (Fig. 4a , lower pane). For our measured mass spectrum, the standard deviation for each m/z signal is within 4% of the signal strength for that m/z value. The highest uncertainties are at m/z 28 and 29, where molecular nitrogen interferes (via 14 N and 15 N). The other m/z values have standard deviations that are less than 1.3% of the signal strength. Comparing the mass spectra of monosilane and methane (CH 4 ) [66] , which is the analog of monosilane in carbon chemistry, one notices that the methane has a much stronger molecular ion signal, indicating less extensive fragmentation. This strong tendency to fragment is a common feature for all the silanes, and has previously been pointed out by several authors [see eg. 42,51,53,55].
Disilane
Disilane (Fig. 4b) , with a nominal mass of 62 Da, has its mass spectral base peak at m/z 60, indicating loss of two hydrogen atoms from the parent molecule. Further, there are relatively strong signals at all masses from m/z 56 to m/z 61 indicating loss of 1-6 hydrogen atoms from the parent molecule. As in monosilane, there are also isotope peaks at m/z higher than the nominal mass caused by naturally abundant silicon isotopes. Additionally, there is a group of peaks at m/z 28-32, corresponding to loss of one silicon atom and several hydrogen atoms. The loss of hydrogen atoms leads to signals ranging from the m/z value corresponding to Si n (a naked silicon atom or chain of silicon atoms) to the m/z value corresponding to Si n H (2n+2) (a fully saturated silane).
In the mass range corresponding to two silicon atoms (m/z 56-62) our standard deviation for each m/z is below 2.5% of the signal strength for that m/z. In the mass range corresponding to one silicon atom (m/z 28-32), the standard deviations are somewhat higher, with a maximum of 10% of the signal strength. The increased relative uncertainties are due to the low signal strength in this mass range. Comparing our spectrum to the spectrum by Simon et al. [44] , which is the most recently published disilane spectrum available in the literature (Fig. 4b, lower pane) , we find good agreement in the relative signal strength of masses corresponding to one specific number of silicon atoms. When it comes to the ratio between the group of signals corresponding to n = 1 (m/z 28-32) and the group corresponding to n = 2 (m/z 56-62), Fig. 4 is acquired with a slightly changed version of the GC-MS shown in Fig. 2 . All detectors and GC columns are the same, only the configuration of the sampling loops, the multiposition valve and the vacuum pump is changed.) (green) and as found in the literature [44, 66] (black). The masses of the most abundant peaks are indicated. The asterisk near the mass spectrum of trisilane from NIST WebBook [66] , shows where we have shifted the signals at m/z 28-31 (originally m/z 27-30) one mass unit upwards (see text). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) however, there is a relatively large discrepancy between our spectrum and the spectrum by Simon et al. [44] . This discrepancy suggests a variation in the detector sensitivity as function of m/z. Other EI mass spectra of disilane obtained at 67.5 eV [36] and 70 eV [37, 44] available in the literature also show large discrepancies among each other when it comes to the ratio of the signals at n = 1 and n = 2.
The mass spectrum of disilane has similarities to that of ethane [66] , the analog of disilane in carbon chemistry. Both in disilane and in ethane the signals appear in groups corresponding to values from C n to C n H (2n+n) . In ethane, however, there are fewer intense m/z peaks, indicating less extensive fragmentation than in disilane.
Trisilane
The mass spectrum of trisilane (Fig. 4c) follows a similar pattern to that of the two lower silanes: there are groups of signals at all m/ z values from Si n to Si n H (2n+2) for n = [1,2,3], i.e. in the mass ranges m/z 28-32, m/z 56-62 and m/z 84-92 (and at somewhat higher masses due to the isotope peaks). Interestingly, the base peak remains at m/z 60, indicating that loss of SiH 4 (32 mass units) from the parent molecule is an important loss mechanism. This loss mechanism constitutes a difference to the carbon chemistry. In the mass spectrum of propane [66] , the carbon analog to trisilane, the C 2 H 5 signal is the most intense, indicating that loss of CH 3 happens frequently.
In the mass range corresponding to three silicon atoms (m/z 84-92), our standard deviation for each m/z signal is within 3% of the signal strength for that m/z value. In the mass range corresponding to two silicon atoms (m/z 56-62) our standard deviation for each m/z signal is within 5% of the signal strength for that m/z value. In the mass range corresponding to one silicon atom (m/z 28-32) our standard deviation for each m/z signal is within 14% of the signal strength for that m/z value. As in disilane, the increased relative uncertainties are due to the low signal strength in this lowest mass range. There is generally good agreement between our measured spectrum and the spectra available in literature [66] within each mass segment and poorer agreement when it comes to the ratio between segments corresponding to different number of silicon atoms. As in the case of disilane the poor agreement regarding the ratio between signal strength in segments corresponding to different number of silicon atoms suggests a possible variation in detector sensitivity as function of m/z.
In the mass segment corresponding to one silicon atom, there is a difference between the data from NIST WebBook [66] and our data. In the spectrum from the Standard Reference Database of NIST WebBook, there is a signal at m/z 27, whereas in our spectrum there is no signal below m/z 28. Considering that the lightest stable silicon isotope ( 28 Si) has an isotopic mass of 27.9769 Da, the signal at m/z 27 in the NIST WebBook spectrum must be related to some artefact. Comparison of our spectrum with the spectrum from NISTWebBook suggests that all the signals in the mass segment corresponding to one silicon atom (m/z 27-30) in the spectrum in NIST WebBook may have been un-deliberately shifted one m/z unit downwards. Therefore, we have shifted those signals one mass unit upwards to m/z 28-31 in Fig. 4c (lower pane).
Mass spectra of tetrasilanes
The two most abundant tetrasilane isomers are n-tetrasilane (n-Si 4 H 10 ) and silyltrisilane (i-Si 4 H 10 ). Additionally, we expect cyclotetrasilane (Si 4 H 8 ), which is less strained and therefore more stable than its carbon counterpart cyclobutane (C 4 H 8 ) [67, 68] , to be detectable in our mixed silane samples. As indicated in Fig. 3 , iso-tetrasilane has a slightly lower boiling point than n-tetrasilane [40, 65] , indicating that iso-tetrasilane will elute off the GC column before n-tetrasilane. The boiling point of cyclotetrasilane is not available in the literature. Based on the internal relation between the boiling points of pentasilane isomers, hexasilane isomers and isomers of the corresponding hydrocarbons (see supplementary material [57]), we have reason to assume that the boiling point of cyclotetrasilane is higher than those of the non-cyclic tetrasilanes. With this assumption (and based on the elution order which we present in Fig. 7 and discuss throughout Section 3) we tentatively assign the 70 eV EI mass spectra of the three tetrasilane isomers as shown in Fig. 5 . To the best of our knowledge, these are the first published isomer-resolved EI mass spectra of the tetrasilanes.
The mass spectra of the tetrasilanes in Fig. 5 show a similar pattern as the spectra for mono-, di-and trisilane. Signals appear for m/z values in intervals ranging from Si n to Si n H (2n+2) for n = [1,2,3,4] , i.e. in the mass ranges m/z 28-32, m/z 56-62, m/z 84-92 and m/z 112-122. Additionally, there are isotope peaks with m/z values up to three mass units higher than Si n H (2n+2) . The two non-cyclic tetrasilanes (nominal mass 122 Da) have their base peak is at m/z 90, indicating a loss of SiH 4 is a frequent fragmentation mechanism. The abundant peaks at m/z 58 in both spectra, indicate that loss of two SiH 4 units also happens frequently. Both these spectra have only a weak signal at the mass corresponding to the molecular ion (m/z 122). The cyclic tetrasilane (nominal mass 120 Da), on the other hand, has a stronger molecular ion signal (m/z 120) than its two non-cyclic counterparts. There is also a strong peak at m/z 88, pointing at loss of a SiH 4 -unit as an important fragmentation mechanism also in the cyclic species. Upon comparison with the mass spectra of cyclic and non-cyclic butane [66] , the carbon analogs to cyclic and non-cyclic tetrasilane, one finds a much higher abundance of the molecular ion in the mass spectrum of cyclobutane than in the mass spectra of the non-cyclic butane isomers [66] . Recognizing the same features in the mass spectra of cyclic hydrocarbons and in one of the cyclic silanes, as we do here for cyclotetrasilane (Si 4 H 8 ), gives us guidelines for what to expect regarding the mass spectra of the larger cyclic silanes.
Mass spectra of pentasilanes
We are able to detect four pentasilane isomers in our samples. These are n-pentasilane (n-Si 5 H 12 ), silyltetrasilane (i-Si 5 H 12 ), disilyltrisilane (neo-Si 5 H 12 ) and cyclopentasilane (cyclo-Si 5 H 10 ) (see Fig. 6 for mass spectra and Fig. 7 for gas chromatogram) . Because we identify cyclotetrasilane (cyclo-Si 4 H 8 , Fig. 5c ) among the tetrasilanes, we might expect to see silylcyclotetrasilane among the pentasilanes. In the present experiments, however, the concentration of this isomer is insufficient for us to identify its mass spectrum. Silylcyclotetrasilane is therefore not included in our further analyses in this contribution. Assuming that the four detected isomers elute from the GC column in an order corresponding to their boiling points (see Fig. 3 for boiling points and Fig. 7 for gas chromatogram), we can assign their mass spectra as shown in Fig. 6 .
Also in the case of pentasilanes, we recognize the same fragmentation mechanisms as for the lower order silanes: loss of SiH 4 -unit(s) leads to strong peaks at m/z 120 and m/z 88 for the non-cyclic isomers. Moreover, loss of multiple hydrogen atoms gives signals at all m/z values in intervals ranging from Si n to Si n H (2n+2) for n = [1] [2] [3] [4] [5] . As in the case of tetrasilanes, the spectra of the cyclic species differ from the non-cyclic isomers by a more prominent peak corresponding to the molecular ion (m/z 150), and by a shift of two mass units for the other prominent peaks. For the non-cyclic isomer, the molecular ion (m/z 152) signal is small. Our mass spectrum of cyclopentasilane corresponds well to that published by Hengge and Bauer [42] in 1975 regarding relative signal strength within one Si n mass segment (masses corresponding to the same number of silicon atoms). When it comes to the ratio among segments corresponding to different number of silicon atoms, the agreement is rather poor. As discussed in Section 3.2, a possible source could be variation in the respective sensitivities of the detectors as function of m/z.
Cyclopentasilane (cyclo-Si 5 H 10 ) elutes after the other pentasilanes and several of the hexasilanes (see chromatogram in Fig. 7) . The late elution of cyclopentasilane compared to other species corroborates our suggestion in Section 3.1 of 195°C (as reported by Hengge and Bauer [42] ) rather than 173.3°C (as reported by Günter [61] ) being a trustworthy value for the boiling point of cyclopentasilane (see Fig. 3 ).
Considerations on fragmentation mechanisms
The mass spectra of the three non-cyclic pentasilane isomers shown in Fig. 6 have very similar features, indicating that these species have very similar ways of fragmenting. The same holds true for the two non-cyclic tetrasilane isomers shown in Fig. 5 . The similarity of the mass spectra of separate isomers marks a difference to hydrocarbons, whose various isomers have larger differences between their mass spectral patterns [66] . Despite both Si and C being group IV elements, the two elements carry several differences that can cause variations in the fragmentation behavior of hydrocarbons and silanes. First, both SiASi bonds and HASi bonds are significantly weaker than CAC and CAH bonds, which can lead to more extensive fragmentation in silanes than in hydrocarbons. Second, Si is more electropositive than H, whereas C is more Fig. 7 . Chromatograms showing the sum of the monitored ions as function of elution time for the same silane gas sample measured with TIC (total ion count) and SIM (selected ion monitoring). Note the large difference in sensitivity. The labels show the species to which the chromatographic peaks are assigned (see text).
electronegative than H. Therefore, Si x H y has a stronger tendency to form SiAHASi bridges than C x H y has to form CAHAC bridges. George et al. [69] identified a hydrogen bridged trisilane cation structure H 3 SiAHASiH 2 ASiH 3 + whose energy is only a few kJ/mol higher than the classical trisilane cation SiH 3 ASiH 2 ASiH 3 + . The barrier between the two isomers is only 0.8 eV [69] . Tarczay and co-authors [55] have therefore recently suggested that the fragmentation of silanes during vacuum ultra-violet (VUV) photoionization goes via the hydrogen bridged structure. The amount of energy supplied by an incoming photon during VUV photoionization in their experiments (10.49 eV) is more than 1 eV higher than typical ionization energies for higher silanes (8.8-9.2 eV) [70] . It is therefore very likely that the classical trisilane ion can isomerize into the hydrogen bridged structure, and similarly that any higher order silane Si n H 2n+2 can also isomerize into the corresponding hydrogen bridged structure, which subsequently fragments through elimination of SiH 4 [55] . During electron ionization (EI), the amount of energy supplied by each electron (70 eV) is much higher than the typical photon energy used in VUV photoionization. It is therefore possible that ions also in the case of EI isomerize into the hydrogen bridged structure before they fragment further by elimination of SiH 4 . The assumption that the fragmentation mechanism of all noncyclic isomers within one silane family includes the same hydrogen bridged intermediate structure can explain the similarity of the mass spectra of these isomers.
Detection of silanes with number of silicon atoms n Si >5
Silanes with number of silicon atoms n Si > 5 are mostly present at very low concentrations in our samples. In a full ion scan (TIC, total ion count) measurement in the MSD, the low signal to noise ratio causes difficulties in detecting silanes at these low concentrations. Detecting only a small selection of ions enhances the signal to noise ratio by increasing the collection time for each ion, thereby allowing for enhanced sensitivity to species at low concentration. In order to develop a selected ion monitoring (SIM) measurement, a priori knowledge of the mass spectral features of the silanes is necessary. Resolved EI mass spectra of silanes with number of silicon atoms n Si > 5 are mostly absent in the literature (with cyclohexasilane [43] , as far as we know, being the only exception), so this knowledge is not readily available.
Assuming that the fragmentation pattern that we present above for tri-, tetra-and pentasilanes holds true also for the silanes with n Si > 5, we can deduce which masses will be abundant for the higher silanes. Implementing these masses in a SIM measurement method drastically increases the signal to noise ratio and thus the sensitivity of our measurement. Fig. 7 illustrates the increase in sensitivity by comparing the chromatogram of a standard TIC measurement to that of a SIM measurement. The ions selected for the SIM measurement are listed in the supplementary material [57] . As seen by Fig. 7 , several peaks appear after application of our SIM measurement. By examining full ion scans at the retention times corresponding to these peaks, they can be assigned to a silane family. Fig. 8 shows three of these spectra, which we assume to correspond to a hexasilane (182 Da), a heptasilane (212 Da) and an octasilane (242 Da). We assign each mass spectrum to a silane family primarily based on assuming loss of multiple SiH 4 -units (m/z 32) from the parent molecule.
Our capability to assign with certainty isomers with n Si 6 to GC peaks is, however, limited by the way cyclic and non-cyclic species fragment and by instrument sensitivity. As we observe for cyclotetrasilane and cyclopentasilane, cyclic species have a weaker tendency to fragment and therefore have stronger signals corresponding to their parent molecular mass than the non-cyclic isomers have. Thus, we assume a cyclic silane Si n H 2n to have a strong signal at the m/z value corresponding to its parent mass Si n -H 2n . When a non-cyclic silane Si (n+1) H 2(n+1)+2, originally containing one Si atom more than the cyclic silane Si n H 2n , undergoes loss of SiH 4 , it is left with Si n H 2n . Consequently, we expect a strong signal at the m/z value corresponding to Si n H 2n also in this case. In the non-cyclic silane we expect the signals in the mass range corresponding to the full number of Si atoms (Si (n+1) ) to be rather weak. In many cases these signals are so weak that they are below or barely above the detection limit in our MSD (see e.g. Fig. 8c ).
For the reasons explained above, despite the difference in total mass between the parent molecules Si n H 2n and Si (n+1) H 2(n+1)+2 , the mass spectra of these two compounds will be rather similar. At the present, we are therefore not capable of telling the difference between the mass spectra of, e.g., a cyclic hexasilane (Si 6 H 12 ) and that of a non-cyclic heptasilane (Si 7 H 16 ). The assignment of the peaks and mass spectra of compounds with n Si 6 in Figs. 7 and 8 are thus uncertain. Furthermore, for silanes with n Si 6, the number of isomers increases rapidly, making the assignment of chromatographic peaks to specific species challenging. A detailed description of the mass spectra of n Si 6, and assignment of spectra to specific isomers is out of scope for this work.
Application to silane reactor monitoring
We have previously shown [17] that our GC-MS technique can be used for monitoring the presence of silanes from different silane families as function of reactor conditions. With our improved understanding of the mass spectra of separate isomers, we are now able to track concentrations of separate isomers rather than whole silane families. Fig. 9 illustrates how our measurement method can be applied for measuring outlet concentrations of separate higher order silane isomers as function of reactor temperature in a silane pyrolysis reactor. The results shown are for an inlet concentration of 10% SiH 4 in H 2 . At this stage, we do not have the tools for an exact calibration of the concentration data (see Section 2.4). However, based on electron capture cross sections for hydrocarbon isomers [71] , we assume that species with the same number n Si of silicon atoms have very similar electron capture cross sections and therefore similar MS response factors. With this assumption, Fig. 9 indicates that among the pentasilane isomers, cyclic pentasilane is produced at the highest concentration.
Our observation is in line with results by Wong et al. [27] , who have modelled silicon nanoparticle formation via automated mechanism generation. At a simulated reactor temperature 750°C and an initial concentration of 10% SiH 4 in H 2 , these authors report cyclopentasilane to be the most abundant pentasilane species. Despite their and numerous other works including detailed modelling of monosilane pyrolysis, there are few available methods for testing the modelled data. The good agreement between our measurements of silane pyrolysis exhaust and previously modelled data is therefore very promising. Aided by GC-MS measurements of separate silane isomers described here, we will be able to further compare modelled and experimental data, allowing for tuning and improvements of chemical kinetics models of monosilane pyrolysis. Developing these models is again crucial for further improvements of monosilane based silicon reactor technologies. Fig. 9 . Outlet concentrations (given in arbitrary units) of tetra-and pentasilane isomers as function of reactor temperature in a monosilane pyrolysis reactor. The lines are guides to the eye.
Conclusion
A novel instrument using gas chromatography-mass spectrometry (GC-MS) for separation and detection of higher order silanes has been demonstrated. The instrument enables us to acquire previously unpublished 70 eV EI mass spectra of separate isomers of tetra-and pentasilane. Aided by collated information on boiling points of the higher order silane species we are able to assign these spectra to specific isomers. All the silane isomers that we have studied show similar mass spectral features: for an isomer with n Si silicon atoms, groups of signals appear at all m/z values in intervals ranging from Si n to Si n H (2n+2) (Si n H 2n for cyclic species), i.e. from a naked chain of silicon atoms to a fully saturated silane, for 1 < n < n Si . The strongest signals in the spectra indicate loss of 32, 64 or 96 mass units from the parent mass, pointing to loss of one or more SiH 4 units (32 Da) is an important fragmentation mechanism. Mass spectra of different non-cyclic isomers with the same number n Si of silicon atoms have very similar mass spectra. These mass spectra are much more similar than the mass spectra of corresponding hydrocarbon isomers with the same number n C of carbon atoms. The similarity between the mass spectra of the silane isomers can be explained by a hydrogen-bridged state through which the fragmentation of all the isomers proceeds.
Application of our GC-MS system to track outlet concentration of higher order silane isomers in monosilane pyrolysis reactor exhaust suggests that, among the pentasilane species, cyclopentasilane is produced at the highest concentration during the pyrolysis. Our measurement and interpretation corresponds well with modelled data by Wong et al. [27] . Numerous contributions to the modelling of monosilane pyrolysis have been published. There is, however, a deficit of ways to detect higher order silane isomers during silane pyrolysis. The novel GC-MS technique we present herein opens the door for validation of monosilane pyrolysis models.
